To evaluate the role of Hsc70 in CCV uncoating in neuchaperone protein and its cofactor auxilin ( Table 1 ). In both cases, the inhibition of neurotransmitter release was reversible, indicating that the effect was not due to microinjection damage to the nerve terminal. Given that the peptides were coinjected with a fluorescent dye, it was possible to measure the intraterminal concentrations of the injected peptides at the point of maximal inhibition of neurotransmitter release. These measurements revealed that both CytC pep and Figure 1A; pep. We tested this prediction by injecting terminals Table 1 ). This is consistent with previously published with CytC pep and Auxilin pep until neurotransmitter work . A control peptide (RNaseS release was inhibited by Ͼ95%. The injected terminals pep), which binds Hsc70 very weakly compared to CytC were then fixed and subsequently examined with elecpep, had no effect on uncoating ( Figure 1A ; Hsc70 recruitment during CCV uncoating, we compared the ability of wild-type and mutant auxilin to recruit To test these possibilities, we used an auxilin construct (amino acids 547-910) containing the clathrin Hsc70 to preassembled clathrin cages. We found that wild-type auxilin was very efficient at recruiting Hsc70 binding domain and the J domain ( Figure 4A ). The ten- to clathrin cages at highly sub-stoichiometric concentracate that the HPD-mediated interaction between auxilin and Hsc70 is critical for Hsc70 recruitment and uncoattions, while even 10-fold higher concentrations of auxilin ⌬HPD did not ( Figure 4D ). Likewise, while wild-type auxiing in vitro. Most importantly, auxilin ⌬HPD competitively inhibited uncoating by wild-type auxilin in a conlin could catalyze the uncoating of preassembled clathrin cages, auxilin ⌬HPD did not promote uncoating, centration-dependent manner ( Figure 5B ; Table 1 ). Thus, auxilin ⌬HPD can serve as a selective inhibitor of even at concentrations where auxilin-promoted uncoating is normally saturated (Figure 5A ). These results indi-CCV uncoating. Table 1 ). Thus, the HPD-mediated interaction between auxilin and Hsc70 is essential for maintaining neurotransmitter release. We next determined whether auxilin ⌬HPD interferes with CCV uncoating. For this purpose, we compared the numbers of coated vesicles in terminals injected with auxilin ⌬HPD and wild-type auxilin. Images of terminals injected with auxilin ⌬HPD revealed more coated vesicles and fewer synaptic vesicles than those from terminals injected with auxilin ( Figure 7A ). Measurements of Table 1 ). In support of the specificity of this reagent, we found that a peptide in which the HPD motif was scrambled was much less efficient at inhibiting uncoat- ing, with 500% more coated vesicles in terminals injected with auxilin ⌬HPD versus wild-type auxilin (Fig-1999 ) and compared these measurements to those obtained from terminals injected with wild-type auxilin. ures 6 and 7). The specificity of auxilin ⌬HPD in vivo was well supported by the finding that the wild-type This analysis revealed that the loss in synaptic vesicle membrane area seen in the presence of auxilin ⌬HPD protein, which differed by only three amino acids, had a minimal effect on synaptic transmission (Figures 6 and was paralleled by a quantitatively similar increase in plasma membrane area, while endosomal area was un-7; Table 1 ). The consistency between the biochemical, functional, changed ( Figure 7D ). Synaptic vesicle diameters were unchanged in terminals injected with auxilin ⌬HPD and structural effects produced by three different reagents that interfere with Hsc70/auxilin in vitro suggests (70.3 Ϯ 0.1 nm; n ϭ 700 SVs) compared to those injected with auxilin (70.4 Ϯ 0.1 nm; n ϭ 700 SVs). These results that all three reagents also interfere with Hsc70/auxilin in vivo. When injected into the squid giant presynaptic indicate that auxilin ⌬HPD blocked CCV uncoating and subsequently trapped synaptic vesicle membrane in the terminal, all of these reagents decreased the number of synaptic vesicles and increased the number of CCVs. plasma membrane as the vesicle recycling process was inhibited (Morgan et al., 1999, 2000) . Thus, the HPDSuch changes would be predicted from a blockade of 
CCV uncoating, so we conclude that auxilin and Hsc70
The effects on vesicle trafficking that we observed occurred when the synapse was stimulated at a very low are required for CCV uncoating. In contrast, genetic disruption of Hsc70-4 did not affect synaptic vesicle recyrate (0.03 Hz), indicating that CCV uncoating is important for vesicle recycling in nerve terminals undergoing modcling in Drosophila (Bronk et al., 2001 ). This negative result probably arose because some other proteinest levels of activity. This is consistent with studies showing that clathrin assembly also occurs during low such as Hsp70 (which was upregulated following chronic disruption of Hsc70-4) or one of the other isorates of activity (Morgan et al., 1999 . Knockout of the gene for synaptojanin, which also causes CCVs forms of Hsc70-was able to participate in the uncoating reaction.
to accumulate, impairs transmission during high levels of synaptic activity (Cremona et al., 1999) . Taken toThe inhibition of transmitter release by the microinjected peptides also indicates a second role for Hsc70 gether, these results indicate that CCV uncoating is essential for replenishing synaptic vesicles to a releasable in synaptic vesicle exocytosis. Auxilin pep and CytC pep were both capable of completely inhibiting neurotranspool whether the nerve terminal is undergoing modest or heavy levels of activity. mitter release (Figure 2 ), yet produced only a modest depletion of synaptic vesicles (Figure 3 apart, synaptic vesicles within a 500 nm shell surrounding the active sedimented in the presence of auxilin is the amount bound to cages, zone were measured in order to ensure that each synaptic vesicle and was plotted as a percentage of the total Hsc70 that was added.
was counted in association with only one active zone. The total number of coated vesicles was counted throughout the entire nerve terminal. The plasma membrane area of each terminal was meaSurface Plasmon Resonance Experiments Surface plasmon resonance (SPR) experiments were performed on sured from low magnification (500ϫ) photographs. Such measurements underestimate plasma membrane area because of small invaa BIAcore 3000 SPR instrument, utilizing CM5 research grade chips (BIAcore, Piscataway, NJ), as previously described (Morgan et al., ginations (Morgan et al., 1999) . To determine the magnitude of this effect, the perimeter of small regions of the plasma membrane was 2000). Proteins were coupled at 25ЊC with HBS (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20, pH 7.0) as running measured in high magnification images (12,000ϫ) and used to correct perimeter measurements made at low magnification. Plasma buffer at a flow rate of 5 l/min. Hsc70-auxilin interactions were studied at 25ЊC at a flow rate of 5 l/min in buffer A to which 2 mg/ membrane perimeter was then multiplied by the thickness of the section (80 nm) to calculate the surface area of plasma membrane ml CM-dextran and 0.005% P20 had been added as running buffer Han, C.J., Gruschus, J.M., Greener, T., Greene, L.E., Ferretti, J., and
